[1] We examined the dynamics of the carbonate system in a complex mixing scheme with enhanced biological consumption modulated by both a river plume and summer coastal upwelling in a large shelf system, the northern South China Sea (NSCS) shelf. The plume waters originated from a large flooding upstream the Pearl River, and extended from the mouth of the Pearl River estuary to the middle shelf and were characterized by low dissolved inorganic carbon (DIC) and total alkalinity (TAlk), and a high aragonite saturation state (W arag ). In contrast, the upwelled water occupying the nearshore area was distinguished by high DIC and TAlk and a low W arag . While the dynamics of the carbonate system were largely shaped by physical mixing through plume and upwelling processes between the plume water, the offshore subsurface water and the offshore surface water, biological consumption of DIC was observable in both the river plume and the coastal upwelling areas and contributed to the elevated W arag during their pathway. Correlations between salinity normalized TAlk and DIC indicated that organic carbon production rather than biocalcification exclusively induced the DIC removal. By using a three end-member mixing model, we estimated the net community productivity in the plume water and the upwelled water to be 36 ± 19 mmol C m −2 d −1 and 23 ± 26 mmol C m −2 d −1 , respectively. With the combination of stoichiometric relationship analysis of the carbonate system and applying the three end-member mixing model, we successfully differentiated semiquantitatively the biologically mediated DIC variations from its overall mixing control. We also attempted to link this natural process to the carbonate saturation on the NSCS shelf, contending that at present natural factors associated with the river plume and the coastal upwelling largely modulate the dynamics of the carbonate system on the NSCS shelf, whereas anthropogenic stressors such as ocean acidification currently play a relatively minor role.
Introduction
[2] Although comprising only ∼7% of the world's ocean surface area, continental shelves and slopes contribute to 14-30% of the oceanic primary production (PP), ∼80% of the organic matter burial and ∼50% of the deposition of calcium carbonate (CaCO 3 ) [Gattuso et al., 1998 ], establishing for them a disproportionally significant component of the global oceanic carbon cycle [Walsh et al., 1981; Rabouille et al., 2001; Chen, 2003] . Coastal seas, where various physical and biogeochemical processes interplay in a very dynamic way, are especially distinguished by two processes: river plumes and coastal upwelling.
[3] River plumes, typical of large freshwater discharges, may extend into the adjacent continental shelf hundreds of kilometers away from the estuarine mouth and become critical areas of land-ocean interaction [Chen and Borges, 2009; Chen et al., 2010] . Continental shelves fed by large river inputs receive considerable loads of carbon, nutrients and sediments, which significantly influence the biogeochemistry of coastal seas [Dagg et al., 2004; McKee et al., 2004] . Both the high nutrient discharge within the river plume and the low turbidity of its lower reach are favorable for phytoplankton growth and result in enhanced biological activity [Gaston et al., 2006, and references therein] . River plumes are, thus, frequently sites of phytoplankton blooms in coastal seas. On the other hand, coastal upwelling, resulting from prevailing upwelling-favorable winds and shelf topography, is characterized by offshore mass transport in the surface layer and onshore mass transport at depth. Upwelling brings CO 2 -rich deep waters to the surface that may induce the oversaturation of CO 2 relative to the atmosphere. However, the adequate supply of nutrients from upwelling potentially stimulates the biological productivity and lowers the surface CO 2 content. Thus, the carbon dynamics in an upwelling system are complex, and largely modulated by the balance between the two opposite effects Frankignoulle, 2002a, 2002b] .
[4] Adding in more complexity is the interaction between the plume and upwelling, in that the wind-driven upwelling circulation can be further altered by the buoyancy from the river plume, whereas the plume itself is also shaped by the circulation over the shelf. Such plume-upwelling interaction governs nearshore circulation in a number of coastal seas [Gan et al., 2009b, and references therein] , but the associated biogeochemical processes are still to be elucidated.
[5] Noteworthy is that efforts have been recently devoted to examining the coastal saturation state with respect to CaCO 3 in the context of ocean acidification that has occurred since the last century [Intergovernmental Panel on Climate Change, 2007] . Feely et al. [2008] report the aragonite undersaturation state (W arag < 1.0) in nearshore surface waters off the Oregon-California border, due to the upwelling of corrosive "acidified" water onto the shelf area. In the Northern Gulf of Mexico, relatively high riverine total alkalinity (TAlk) together with significant biological consumption of CO 2 result in elevated W arag values for the Mississippi plume waters [Keul et al., 2010] . However, with the low TAlk input from the Kennebec River plume in the Casco Bay, W arag values for surface waters in Gulf of Maine could be less than 1.0 [Salisbury et al., 2008] . Thus, besides the organic carbon metabolism (i.e., photosynthesis/respiration), both the river plume and the coastal upwelling also affect inorganic carbon characteristics such as CaCO 3 saturation state and eventually the CO 2 buffer capacity of coastal seas.
[6] The South China Sea (SCS) is the world's second largest marginal sea with wide continental shelves to both the north and south. During the southwest monsoon period in the summer, coastal upwelling distributes along the coast [Han and Ma, 1988] . Over the shelf area in the northern SCS (NSCS), strong variability of the upwelling current exists both in alongshore and cross-shore directions due to the highly variable shelf topography [Gan et al., 2009a [Gan et al., , 2009b Shu et al., 2011] . In addition to the summer upwelling, the NSCS shelf is also featured by strong river plume waters originating from the Pearl River, a world major river system with a water discharge of 3.26 × 10 11 m 3 yr −1
. It is noted that ∼80% of the discharge takes place in the wet season (April-September) [Su, 2004; Guo et al., 2008] . Thus, the NSCS shelf represents an important and unique system under the coinfluence of river plumes and coastal upwelling.
[7] Up to the present, phytoplankton blooms occurring in the nearshore waters of the NSCS, independently resulting from upwelling- [Liu et al., 2002; Ning et al., 2004] or plume-derived [Yin et al., 2004; Dai et al., 2008] nutrient enrichment, have been reported. The coinfluence of the two processes on the biological conditions of the NSCS shelf is, however, primarily investigated via process-oriented numerical modeling Lu et al., 2010] or focused on relationships between sea surface pCO 2 (CO 2 partial pressure) and dissolved oxygen [Zhai et al., 2009] . Studies addressing the dynamics of the carbonate system and its response to the coastal upwelling circulation and plume dynamics in the NSCS have not been reported. This study, based primarily on the examination of field data, sought to examine on how significant the river plume and the coastal upwelling may shape the dynamics of dissolved inorganic carbon (DIC) and TAlk on the NSCS shelf. We also sought to examine in a semiquantitative way the relative importance between physical mixing and biological metabolism in modulating the carbonate system in such a complex system. Finally, we were to explore how the present CaCO 3 saturation state (i.e., W arag ) on the NSCS shelf responds to natural processes associated with the river plume and the coastal upwelling, relative to anthropogenic stresses such as ocean acidification.
Materials and Methods

Study Area
[8] The NSCS, characterized by complicated coastline variations in the nearshore region, has a permanent eastward widened shelf with an offshore extension ranging from 150 to 300 km (Figure 1 ). In the summer, coastal upwelling occurs driven by the prevailing southwest monsoon and intensified by the widened shelf [Gan et al., 2009a] . The Pearl River plume first generates a slowly expanding bulge near the mouth of the estuary, and then the freshwater in the outer part of the bulge constantly flows eastward forced by the upwelling current, resulting in a widening and thickening buoyant plume over the shelf. Meanwhile, the plume alters the upwelling circulation by accelerating the wind-driven current along the inshore edge of the plume, due to the pressure gradient between the buoyancy and the ambient seawater [Gan et al., 2009b] . As a consequence, the interaction between the river plume and the coastal upwelling on the NSCS shelf significantly modulates hydrodynamic conditions, and eventually influences the biogeochemical characteristics.
[9] For instance, in the surface waters over the NSCS shelf, two distinct high-chlorophyll low-pCO 2 centers coexist during the strong southwest monsoon period [Zhai et al., 2009; Gan et al., 2010] . The one, over the inner shelf in the eastern part of the NSCS, results from the nutrient input of the intensified coastal upwelling, whereas the other one, over the middle shelf, is driven by the nutrient enrichment in the eastward stretched river plume. In contrast, other surface regions without the influence from either the upwelling or the plume display low chlorophyll concentration, indicating the overall oligotrophic characteristics of the SCS. In deep layers of the NSCS shelf, Lu et al. [2010] demonstrate the shoaling and weakening of the subsurface chlorophyll maximum (SCM) in the upwelling zone of the nearshore waters due to dilution by the low chlorophyll water upwelled from depth, while the SCM beneath the plume waters weakens, and even disappears, as a result of the substantial reduction of photosynthetic active radiation (PAR).
Cruise Background
[10] Based on the SCOPE project (South China Sea Coastal Oceanographic Process Experiment), a mapping cruise on board the R/V Shiyan III was conducted on the NSCS shelf in summer 2008. The cruise was composed of two legs. During Leg 1 from 30 June to 8 July, seven crossshelf transects covering the region from the Pearl River estuary to east of the Taiwan Shoals (marked sequentially by numbers 1-7; Figure 1 ) were intensively investigated. Transects 5, 4, 3, and 2 were repeated during Leg 2 on 9-12 July. Except for Transects 1 and 3 during Leg 1, the sampling stations in each transect extended from the nearshore to the 300 m isobath and were numbered consecutively in Arabic numerals, beginning with 1 for the innermost station and increasing offshore. Along the 30 m isobath, additional stations were occupied between Transects 2 and 3 (station S201a) and between Transects 4 and 5 (stations S401a, S401b and S401c; Figure 1 ).
[11] As a consequence of the continuous heavy rain in the upstream Pearl River, the freshwater discharge rate reached its annual maximum ∼10 days prior to our cruise, showing a very high value which was nearly double the generally observed maximum one of ∼25,000 m 3 s −1 in the wet season ( Figure 2) . Resulting from such an abundant river water input, plume patches spread eastward over the NSCS shelf during Leg 1. Two low-salinity centers (typical value <29.0) were located on the inner shelf between Transects 1 and 2, and on the middle shelf at Transect 5, respectively (named as PC 1 and PC 2), whereas these centers disappeared during Leg 2 due to the subsequently weakened freshwater discharge (Figure 3 ). During the Leg 1 sampling period, upwelled waters characterized by low temperature (<25.0°C) and high salinity (>33.5) were distributed broadly on the inner shelf with their center located in the nearshore waters between Transects 4 and 5 (named as UC 1). However, coastal upwelling retreated to a much smaller area during Leg 2, whereas a new upwelling center outcropped in the nearshore waters between Transects 2 and 3 (named as UC 2), which was previously occupied by freshwater during Leg 1 (Figure 3 ).
Sampling and Analysis
[12] During the cruise, high spatial resolution measurements of the carbonate chemistry through the whole water column were performed. Samples were collected with Niskin bottles attached on a Rosette sampler. Samples for DIC and TAlk analysis were stored in 40 mL borosilicate glass vials and 100 mL polyethylene bottles, respectively. Both DIC and TAlk samples were poisoned using an HgCl 2 -saturated solution upon sample collection, with 50 mL for DIC and 100 mL for TAlk. Samples for pH were free of bubbles and stored in a thermostat (25.0°C) for ∼30 min before their measurement on board. Filtered samples for dissolved calcium ion (Ca 2+ ) analysis were stored in 60 mL acid-cleaned polyethylene bottles with Parafilm wrapped around the cap.
[13] Depth profiles of temperature and salinity were determined shipboard with a calibrated SBE-19-plus Conductivity-Temperature-Depth (CTD) recorder (Sea-Bird Co.) [Shu et al., 2011] . DIC and TAlk data were collected both during the cruise and within a week after the cruise. DIC was determined by acidification of 0.5 mL of a water sample and the subsequent quantification of CO 2 with a nondispersive IR detector (Li-Cor 7000). TAlk was determined using Gran titration on a 25 mL sample with a Kloehn digital syringe pump. Each method has a precision of ±2 mmol kg −1 . Both DIC and TAlk were calibrated against the certified reference material provided by A. Dickson of the Scripps Institution of Oceanography. pH was determined using a Orion 3 Star pH Benchtop analyzer and a Orion Ross combined pH electrode, which was calibrated against three NIST-traceable pH buffers (pH 4.01, 7.00 and 10.01). Precision of pH measurements was ±0.005. The in situ pH values (pH NIST ) were calculated based on an empirical temperature calibrating equation (pH in situ = pH meas + 0.0114 × (T meas − T in situ ), where pH in situ and pH meas are the pH values at the in situ temperature (T in situ ) and at the measurement temperature (T meas ), respectively [Gieskes, 1969] ). Ca 2+ was determined in the onshore laboratory using the EGTA titration with a Methrom 809 TITRANDO potentiometer, which has a precision of better than ±5 mmol kg −1 [Cao and Dai, 2011] .
Calculation of Other Carbonate System Parameters
[14] DIC and TAlk data were applied to the program CO2SYS [Lewis and Wallace, 1998 ] to calculate pH SW (in seawater scale), carbonate ion (CO 3 2− ) concentration and fugacity of CO 2 (fCO 2 ). The dissociation constants for carbonic acid (K 1 and K 2 ) were those of Mehrbach et al. [1973] refitted by Dickson and Millero [1987] , and K HSO4 was determined by Dickson [1990] . To obtain
2− ]/K sp ), the solubility product (K sp ) for aragonite was taken from Mucci [1983] , and Ca 2+ concentrations were estimated from the in situ Ca 2+ /salinity relationship (Ca 2+ = 273 × Salinity + 675, n = 163, r = 0.99) for the NSCS shelf of this study.
[15] The calculated pH SW values had an offset of ∼0.15 lower than those of pH NIST . This offset is common due to and UC denote the plume center and the upwelling center, respectively. PC 1 involved surface waters of stations S202, S203, and S204, while PC 2 involved that of stations S505, S506, and S507. UC 1 was composed of surface waters from the five nearshore stations between Transects 4 and 5, while UC 2 was composed of that from stations S201, S201a, and S301. the measurement uncertainty induced by the different ion strength between the NIST buffers and seawater samples [Dickson, 1984] . As pH SW represents the true value of seawater and for direct comparison with pH values in other studies employing seawater scale [e.g., Feely et al., 2008] , we used pH SW throughout this study. The calculated surface fCO 2 agreed well with that obtained from underway measurements during the cruise (Q. Li et al., unpublished data, 2010) . The systematic deviation was ±5 matm.
Regional Salinity Normalization
[16] To differentiate the biological/chemical effects from those of physical processes on the marine carbonate system, normalization to a constant salinity (usually a salinity of 35 or the average salinity of filed data) is commonly applied to the DIC, TAlk and Ca 2+ data. However, such normalization assumes that salinity changes are only due to the freshwater removal by evaporation or addition by rain precipitation with zero solutes, which is clearly not true on the NSCS shelf with a large river plume. This study thus adopted an approach of regional normalization [Friis et al., 2003 ] using a nonzero freshwater end-member as:
[17] In equation (1), NX and X meas are normalized and measured values for DIC, TAlk or Ca 2+ . S meas is the CTD measured salinity. S ref is the reference salinity, which is defined as the average salinity value in this study. X S=0 is the end-member value for DIC, TAlk or Ca 2+ at a salinity of 0, which is the intercept of the linear regression line between surface measured X and salinity.
TAlk Versus DIC
[18] The apparent relationship between TAlk and DIC has been used for a long time to differentiate water masses undergoing various biological activities and their mixing [Broecker and Peng, 1982] . The two main biological processes involving changes of DIC and TAlk in seawaters can be illustrated as in the following equations: Organic carbon metabolism (photosynthesis/respiration)
Inorganic carbon metabolism (CaCO 3 production/dissolution)
[19] During photosynthesis the change in TAlk with decrease in DIC is minor (−17 versus 106), dependent on the uptake of nutrients, which gives a TAlk/DIC change ratio of −0.16. On the other hand, DIC decreases by 1 mol and TAlk by 2 moles per mole CaCO 3 production, resulting in the TAlk/DIC change ratio being equal to 2. Thus, the slope of the linear regression line between NTAlk and NDIC after removing the physical effect can be used to assess the relative importance of the organic and inorganic carbon metabolism in a fixed water parcel [Robertson et al., 1994; Gattuso et al., 1996; Cao et al., 2009] .
Results
Surface Distribution of DIC, TAlk, and W arag
[20] Surface regions occupied by fresher waters displayed distinguishable low DIC and TAlk (Figure 4) . Waters with the lowest DIC and TAlk content (lower than ∼1740 and ∼2010 mmol kg −1 , respectively) were located at PC 1 and PC 2 during Leg 1, whereas during Leg 2 both values of PC 2 were higher with more increase in TAlk, suggesting weakening of the plume during Leg 2. It should be noted that, with the high nutrient supply, the plume-induced bloom might further decrease DIC and/or TAlk through enhanced biological productivity. Due to the fact that deep waters are replete in DIC and TAlk, surface regions occupied by upwelled waters (UC 1 and UC 2) were characterized by high DIC and TAlk (higher than ∼1940 and ∼2210 mmol kg −1 , respectively; Figure 4 ), which were comparable to, or even higher than, those in the outer shelf surface seawater.
[21] All surface W arag values, within the range 2.3 and 3.9, were higher than 1.0, suggesting an aragonite oversaturation state in the surface waters of the NSCS shelf (Figure 4) . During Leg 1, waters with the highest W arag of ∼3.8 were located in PC 2 while the W arag values for the waters in PC 1 were slightly lower. The lowest W arag of ∼2.7 were observed in UC 1, where coastal upwelling brought more corrosive subsurface water to the surface. Surface W arag values during Leg 2 were overall higher than those of Leg 1, except for UC 2. With an extremely low W arag value of ∼2.3 in UC 2, offshore subsurface waters were elevated and finally outcropped to the nearshore surface between Transects 2 and 3 during Leg 2. ) and TAlk (∼2080 mmol kg −1 ) and relatively high W arag (∼3.0), formed a relatively strong gradient along the plume and at the bottom. However, all DIC, TAlk, and W arag contours of Transect 2 during Leg 2 tilted upward abruptly toward the shore. CO 2 -rich waters from a depth of ∼150 m (DIC > 2050 mmol kg −1 and W arag < 2.0) increased along the upward sloping seafloor and outcropped to the shallow inner shelf, which was previously covered by freshwater ( Figure 5 ).
[23] During Leg 1, the typical plume contours of DIC (∼1800 mmol kg −1 ) and TAlk (∼2080 mmol kg −1 ) moved to the middle shelf in Transect 5 and deepened, suggesting that the plume moved eastward over the NSCS shelf and thickened on its offshore side. It should be noted that during the transport of the plume water, W arag values increased from ∼3.0 to ∼3.8, displaying the most aragonite oversaturated state. Moreover, this offshore plume in Transect 5 was separated from both the inner shelf water containing upwelled subsurface waters and the outer shelf surface water ( Figure 5 ). The TAlk pattern of the top 20 m waters in Transect 5 during Leg 2 suggested that signals from both the river plume and the coastal upwelling were weakened. However, low DIC concentrations along Transect 5 were observed at greater depth relative to Leg 1, corresponding with deepened W arag contours in the top 50 m waters.
Discussion
[24] Both surface and vertical distribution of DIC, TAlk and W arag suggested that the dynamics of the carbonate system on the NSCS shelf in summer were largely controlled by the mixing of different water masses sourced from the plume, the subsurface water upwelled and the offshore surface water. The apparent relationship between DIC and TAlk ( Figure 6 ) further confirmed the significant control of the three end-member mixing scheme. Abundant data points were distributed along two mixing lines, one between the plume water of lowest DIC and TAlk and the offshore surface water, and the other one between the offshore surface water and the offshore subsurface water of highest DIC and TAlk. It should also be noted that some of the data points were located on the mixing line between the offshore subsurface water and the plume water, indicating the occurrence of coastal upwelling (Figure 6) . Gan et al. [2010] demonstrate enhanced biological productivity in two algal blooms on the NSCS shelf, which were induced by the large nutrient supply from the river plume and the coastal upwelling, respectively. As major reactants involved in photosynthesis and/or biocalcification (equations (2) and (3)), the response of DIC and TAlk to varied biological activities and the resultant W arag variation on the NSCS shelf are scrutinized below.
DIC and TAlk Response to the River Plume
[25] Along the plume pathway (from PC 1 to PC 2), both DIC and TAlk values displayed no difference, whereas DIC values beneath the top freshwater were lower in PC 2 than PC 1 but TAlk remained the same (Figure 7a ). However, NDIC values were much lower in PC 2 corresponding with a relatively higher pH SW (Figures 7b and 7c) , suggesting strong biological uptake of DIC during the plume transport. NTAlk values still displayed no difference between PC 1 and PC 2, and their surface values were nearly identical with those of the deep waters after regional salinity normalization (Figure 7b ), suggesting the predominant control of physical mixing on the TAlk distribution.
[26] As shown in Figure 8a , NDIC variations (∼30 mmol kg −1 maximum) in both PC 1 and PC 2 were much larger than those of NTAlk (∼5 mmol kg −1 maximum), whereas the average NDIC value was ∼40 mmol kg −1 lower in PC 2 than PC 1. Both slopes of the linear regression line between NTAlk and NDIC in PC 1 and PC 2 agreed well with the theoretical value of −0.16 deduced from the organic carbon metabolism (equation (2)). The significant DIC removal on the pathway of the plume should have resulted exclusively from the enhanced organic carbon production. Moreover, surface Ca 2+ and salinity displayed good positive linear relationship whereas NCa 2+ maintained a nearly constant value despite variations in salinity (Figure 8b ). The conservative Ca 2+ behavior further suggested that the biogenic CaCO 3 production or dissolution be ruled out in the surface waters of the region and therefore had a negligible influence on DIC and TAlk. It should also be noted that in such a short timescale as several days for plume water transport, the effect of air-sea exchange of CO 2 could be neglected relative to the biological activity [Borges and Frankignoulle, 2002a; Zhai et al., 2009] . The slope value of nearly −0.16 (Figure 8a ) further indicated the negligible influence of airsea exchange of CO 2 on DIC variations, during which the TAlk/DIC change ratio equals 0.
DIC and TAlk Response to Coastal Upwelling
[27] Vertical distribution of DIC and TAlk from stations involved in UC 1 and UC 2 were relatively uniform throughout the water column (Figure 9 ), suggesting the dominance of upwelled subsurface waters. Unlike TAlk/ NTAlk which displayed no great difference among stations involved in UC 1, DIC/NDIC decreased gradually from station S401 to station S501 corresponding with a northward increasing trend in pH SW (Figure 9a ). Although DIC displayed less variation among the stations involved in UC 2 relative to UC 1, a northward decreasing trend still existed corresponding with the increasing pH SW (Figure 9b) . Gan et al. [2009b] propose that upwelled waters off Shanwei (the position of UC 2) are subsequently transported northward and then outcropped off Shantou (the position of UC 1). Note that NTAlk concentrations from all stations were nearly constant, which might suggest that the same water mass occupied the whole nearshore area from UC 2 to UC 1. However, the average NDIC value from stations involved in UC 1 was ∼50 mmol kg −1 lower than that of UC 2 while pH SW values were much higher (Figure 9 ). Together with the observed northward decreasing trend of NDIC during different sampling periods, we contend that DIC was consumed gradually during the transport of the upwelled water in the nearshore area of the NSCS shelf.
[28] As shown in Figure 10a , NDIC variations (∼30 mmol kg −1 maximum) in both stations S401 and S501 involved in UC 1 were much larger than those of NTAlk (∼6 mmol kg −1 maximum), whereas the average NDIC value was ∼35 mmol kg −1 lower in station S501 than in station S401. Although data points employed in Figure 10a were not abundant, and statistically, uncertainties associated with the slope estimates could be large such as the scenario for station S401, both slopes of the linear regression line within the limit of uncertainties were close to the theoretical value of −0.16 deduced from the organic carbon metabolism (equation (2)). The significant DIC removal during transport of the upwelled water should exclusively have resulted from the enhanced organic carbon production. Moreover, Ca 2+ collected from the upwelled water correlated well with salinity whereas NCa 2+ values were nearly constant despite variations in salinity, suggesting its conservative behavior (Figure 10b ). Similar to the scenario of the river plume, the biogenic CaCO 3 production or dissolution as well as the airsea exchange of CO 2 apparently had little influence on either DIC or TAlk in the upwelled waters.
Biologically Mediated DIC Variations Estimated Using a Three End-Member Mixing Model
[29] We adopted a three end-member mixing model to quantitatively evaluate the biologically mediated DIC variations in both the river plume and the coastal upwelling. The thermohaline properties of any sample were the sum of the contribution of the three end-members [Álvarez-Salgado et al., 1997] , which can be calculated using equations (4)- (6):
where F p , F u and F s are the respective fractions of the plume water, the offshore subsurface water and the offshore surface water in the water sample. p , u and s are the potential temperatures of the three end-member waters; while S p , S u and S s denote the salinity of the end-members. spl and S spl are the potential temperature and salinity of the water sample.
[30] The conservative DIC concentrations (DIC°) resulting from the mixing of the three end-members can be calculated using equation (7):
where DIC p , DIC u and DIC s are the DIC concentrations of the three end-member waters.
[31] The difference between the conservative and measured concentration (DDIC in equation (8)) which is not accounted for by the model, represents the influence of other processes with positive values indicating DIC removal and negative ones suggesting its addition.
[32] Table 1 summarizes the end-member values employed in the model during different sampling periods. For comparison between Leg 1 and Leg 2, only data from Transects 2 to 5 were applied to the model.
DDIC in the River Plume
[33] Plume water is defined as water with salinity <33.0 over the shelf . The positive DDIC values during both Leg 1 and Leg 2 indicated the exclusively biological removal of DIC in the river plume. The DDIC displayed an overall trend decreasing with the increasing salinity, suggesting stronger biological activities in lower salinity waters abundant in plume waters (Figure 11 ). Although the influence from the river plume apparently weakened during Leg 2, the average DDIC value of 33 ± 15 mmol kg −1 was nearly the same as that of Leg 1 (32 ± 18 mmol kg −1 ). The plume-delivered nutrients should continuously stimulate biological productivity to the same extent throughout the whole sampling period. Together with the mixed layer depth of ∼13 m and a radium-estimated residence time of ∼12 days for plume waters on the NSCS shelf (data not shown), we estimated that the net community production (NCP) for the river plume was 36 ± 19 mmol , which was reasonably close to or slightly higher than NCP dependent on the extent of organic matter degradation in the plume .
[34] The NCP value in the present study was much lower than another plume event in May 2001 on the NSCS shelf (70-110 mmol C m −2 d −1 ). It should be noted that the location of the plume-induced bloom observed by Dai et al. [2008] was limited to nearshore at the mouth of the Pearl River estuary, whereas significant DIC removal extended to the far reaches of the plume in the present study. Thus, we contend that such an episodic event as being demonstrated in summer 2008 might have contributed to the coastal carbon budgets on a larger temporal and spatial scale.
DDIC in the Coastal Upwelling
[35] Upwelled water is defined as water with salinity > 33.75 in the nearshore upper 20 m . Over half of DDIC values were negative, indicating overall DIC addition during the upwelling process (Figure 12 ). The added DIC might originate from the remineralization of particulate organic matter (POM) in the onshore-flowing water at depth [Álvarez-Salgado et al., 1997] . However, DDIC increased generally from Transects 2 to 5 during both Leg 1 and Leg 2, and positive values were observed on the inner shelf of Transect 5 (Figure 12 ). The added DIC should be consumed rapidly through enhanced organic carbon production during the northward transport of the upwelled water in the nearshore area of the NSCS shelf (i.e., from Shanwei to Shantou). Thus, the biologically mediated DIC variation corresponding to the coastal upwelling consisted of two components: (1) net DIC release via POM degradation in the near-bottom onshore-flowing water and (2) net DIC uptake after the subsurface water outcropped and was transported in the nearshore area, where PAR was available for organic carbon production.
[36] Although DDIC values in the upwelled waters during Leg 2 were overall lower than those of Leg 1, both gradients of DDIC between Transects 2 and 5 were ∼80 mmol kg −1 (Figure 12 ). The upwelling-delivered nutrients should stimulate the biological productivity to the same extent during different sampling periods. For stations involved (crosses) and NCa 2+ (squares) versus salinity. Data were collected from the whole water column involved in UC 1 (stations S401, S401b, and S501; Figure 3 ) and UC 2 (station S301; Figure 3) . UC denotes the upwelling center, and N denotes the salinity normalized value.
in UC1 during the entire sampling period (Figure 3) , the average DDIC value was 8 ± 9 mmol kg −1 . Together with the surface water depth of ∼20 m and a radium-estimated residence time of ∼7 days (data not shown), we estimated that the NCP for upwelled waters on the NSCS shelf was 23 ± 26 mmol C m −2 d −1 . Despite the large uncertainty, this NCP value agreed well with the model-simulated PP value of 10-30 mmol C m −2 d −1 within the upwelled water .
Comparison Between Plume and Upwelling
[37] Within the uncertainties of the simple model, NCP values for the plume water were slightly higher than or comparable to those for the upwelled water. Gan et al. [2010] also simulate lower surface productivity in the upwelling (8)).
relative to the plume, but the difference decreases gradually during the maturation of the biological system. Moreover, enhanced biological production with significant nutrient removal was also observed in subsurface waters, due to the uplifting of the nutricline during intensified upwelling (A. Q. Han et al., Nutrient dynamics and biological consumption in a large continental shelf system under the influence of both a river plume and coastal upwelling, manuscript in preparation, 2011). While the coastal upwelling fueled the overall productivity, the Pearl River plume injected a relatively higher level to the surface of the NSCS shelf.
W arag Controlling Mechanisms
[38] The overall lowest W arag values in UC 1 and UC 2 were largely imprints of upwelled subsurface corrosive waters, which were enriched with both anthropogenic CO 2 and natural process induced CO 2 (e.g., POM degradation). During the northward transport of the upwelled water, however, W arag increased whereas fCO 2 decreased with increasing DDIC during both Leg 1 and Leg 2 (Figure 13 ). The consistent biological production gradually consumed CO 2 and raised CO 3 2− , resulting in the increasing W arag pattern in the upwelled water.
[39] Due to the fact that the TAlk concentration of the Pearl River plume was relatively low (Figure 4) , the high W arag in the plume water could not have originated from the abundant CO 3 2− load of the freshwater. Actually, W arag values for PC 1 were comparable to those of the surrounding normal NSCS surface waters (Figure 4) . However, W arag values for PC 2 were distinguishably higher during Leg 1. From PC 1 to PC 2, W arag increased from ∼3.0 to ∼3.8 whereas f CO 2 decreased by ∼200 matm. The overall negative relationship between W arag and f CO 2 indicated that biological uptake of CO 2 was the primary determinant of W arag within the plume water on the NSCS shelf (Figure 14) .
[40] In addition, surface W arag values were overall elevated during Leg 2 relative to Leg 1 (Figure 4) , while W arag contours with high values deepened during Leg 2 (e.g., Transect 5 during Leg 2; Figure 5 ). The enhanced biological production via nutrient enrichment, either from the river plume or the coastal upwelling, raised W arag generally through the whole sampling period. By simulating the decadal changes of the carbonate system in the Belgian coastal zone, Borges and Gypens [2010] demonstrate a positive relationship between PP and W arag and contend that the increased PP due to eutrophication could counter the effects of ocean acidification on the surface carbonate chemistry in coastal environments. Although focusing on much shorter timescale events, our study provided another piece of evidence that natural processes related to nutrient delivery should primarily control the carbonate system in coastal seas, whereas ocean acidification might play a relatively minor role.
Concluding Remarks
[41] Our observations of DIC and TAlk on the NSCS shelf during an upwelling wet season have demonstrated that the dynamics of the carbonate system were jointly controlled by physical and biological forcings associated with a river plume and coastal upwelling. Biologically mediated DIC consumption was obvious within the plume system through enhanced organic carbon production, corresponding to a NCP of 36 ± 19 mmol C m −2 d −1 . Such DIC removal was also observed in the upwelling regime with however complicated scenarios dependent upon the timing and locations. Addition of DIC via POM degradation in the near-bottom onshore-flowing water was likely, whereas subsequent DIC removal occurred after the offshore subsurface water outcropped and was transported in the nearshore area. The estimated NCP for the upwelled water was 23 ± 26 mmol C m −2 d −1 , which was almost comparable to the plume water. The three end-member mixing model has proven to be efficient to estimate at least semiquantitatively relative importance between physical mixing and biological activities in a complex circulation scheme often encountered in river influenced marginal systems.
[42] All W arag values were higher than 1.0, suggesting that ocean acidification currently plays a minor role in lowering the CaCO 3 saturation state on the NSCS shelf. The contrasting scenarios between the present system and the continental shelf off Oregon [Feely et al., 2008] might be related to the different "acidity" of source waters of upwelling. In the latter case, offshore subsurface waters from ∼150 m with W arag < 1.0 and pH SW < 7.75 upwell to surface nearshore [Feely et al., 2008] . In our system, probably also true for most of the upwelling systems on wide shelves, the upwelled subsurface water has a significantly higher W arag value of ∼1.9 and pH SW value of ∼7.95 despite also being sourced from the depth of ∼150 m. On the other hand, the enhanced biological consumption of CO 2 induced elevated W arag within both the plume and upwelled waters. The patterns of W arag observed on the NSCS shelf are largely controlled by natural circulation and biological activities at present. However, with more anthropogenic CO 2 accumulation, undersaturated waters with W arag < 1.0 may be possible in this local marine ecosystem in the future. Based on the conceptual diagram proposed in the study of Feely et al. [2010] , further work is warranted to understand and predict variations of the CaCO 3 saturation state and CO 2 buffer capacity in such coastal seas, especially under the coinfluence of anthropogenic stressors such as ocean acidification and natural factors including river inputs and upwelling. The open symbols represent data in PC 1 including stations S202, S203, and S204, while the solid symbols are for data in PC 2 including stations S505, S506, and S507 (Figure 3 ).
